Objective: To assess glycosaminoglycan (GAG) content of lumbar intervertebral discs (IVDs) in patients with radiculopathy compared with healthy volunteers with glycosaminoglycan chemical exchange saturation transfer (gagCEST). Methods: The lumbar spines of 15 patients with radiculopathy (9 women, 6 men; mean age 45 years; range: 19 -80 years) and 13 healthy controls (10 women, 3 men; mean age 29 years; range: 19 -38 years) without lumbar back pain or previous spine surgery were examined at a 3 Tesla (T) magnetic resonance imaging (MRI) scanner in this prospective study. The MRI protocol included standard morphological, sagittal, and transverse T2-weighted (T2w) images of the five lumbar IVDs (L1-S1) to assess Pfirrmann score and to detect disc disorders according to the Combined Task Force classification. To analyze biochemically the lumbar IVDs, a gagCEST sequence was applied to measure the GAG content of the nucleus pulposus (NP) and annulus fibrosus (AF). Results: Patients with radiculopathy indicated significantly lower gagCEST values in NP than healthy volunteers (2.82% ± 3.12% vs. 4.09% ± 2.25%, P = 0.017). The GAG content of AF showed no significant difference between volunteers and patients (2.66% ± 2.01% vs. 1.92% ± 2.56%; P = 0.175). Conclusions. Patients with radiculopathy presented with lower GAG values than healthy volunteers in NP, indicating an association between pain and IVD degeneration. gagCEST of lumbar IVDs is a powerful, non-invasive tool to investigate early disc degeneration, which we could demonstrate in the NP in our study collective.
Introduction
Low back pain (LBP) is a common disease in the industrialized world with a high lifetime prevalence [1] . It is one of the leading causes of disability and imposes a high socio-economic burden [2] . Intervertebral disc (IVD) degeneration is one of the recognized causes of lower back pain [3] . IVDs consist of an outer annulus fibrosus (AF) and an inner nucleus pulposus (NP). Large proteoglycan molecules with numerous negatively charged glycosaminoglycan (GAG) side chains are a major component of IVDs, especially of the NP, which lead to a high osmotic pressure within the disc providing resistance to compressive loading [2] [4] .
Magnetic resonance imaging (MRI) is well established in the assessment of IVD degeneration [5] . On T2-weighted (T2w) MR images, normal, non-degenerated intervertebral discs show a bright signal from the nucleus pulposus and inner fibers of the annulus due to a high amount of water [3] [5] [6] . Degenerative disc alterations can be visualized by a decrease in the water content on T2w images and be morphologically graded according to the Pfirrmann classification system [7] . Due to the degenerative process, the NP loses its translucency and becomes more difficult to distinguish from the surrounding AF [5] . Besides the Pfirrmann classification, IVDs can be graded according to the Combined Task Force (CTF) classification in normal appearance, protrusion, and extrusion of IVDs [8] [9] .
Several biochemical MRI techniques have been used to assess and quantify extracellular matrix components of fibrous and hyaline cartilage, such as delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), sodium MRI and T1 rho mapping to visualize the GAG content, and T2/T2* mapping to visualize collagen structure [10] [11] [12] [13] [14] . One relatively new and promising technique is glycosaminoglycan chemical exchange saturation transfer (gagCEST) [15] . Without the application of a contrast agent or dedicated additional MRI hardware, CEST imaging allows the determination of GAG content in IVDs [16] [17]. gagCEST of the lumbar spine is possible at a magnetic field strength of 3T.
For gagCEST imaging, several images are acquired with presaturation pulses at different offset frequencies around the bulk water resonance and one reference image without saturation. The residual signal normalized to the reference image as a function of the offset frequencies (z-spectrum) can be utilized to determine and quantify the CEST effect according to magnetization transfer asymmetry ratio (MTRasym) values with respect to the water resonance due to the OH protons of GAG appearing in a frequency range of 0.9 to 1.9 ppm from the water resonance. The magnitude of the measured MTRasym values correlates directly with the underlying concentration of GAG [18] [19] .
Haneder et al. have already shown a significant GAG loss in correlation with degenerative changes of IVDs in people with lower back pain [20] . Schleich et al.
showed the same trend in a healthy collective [16] . The aim of our study was to compare the glycosaminoglycan content of the lumbar IVDs in patients with ra-International Journal of Clinical Medicine diculopathy with that of a healthy collective.
Materials and Methods

Hypothesis
Our hypothesis was that the gagCEST effect is lower in patients suffering from pain due to radiculopathy compared with healthy volunteers.
Study Population
The study was approved by the local ethics committee. Written informed consent was obtained from all volunteers for this prospective study. Fifteen volunteers with radiculopathy (9 women, 6 men; mean age: 45 years; range: 19 -80 years) and 13 healthy volunteers (10 women, 3 men; mean age: 29 years; range:
19 -38 years) without specific, subacute, and chronic low back pain or previous surgery of the lumbar spine were prospectively enrolled in this study. The diagnosis of radiculopathy originated from the doctor's letter or a clinical examination in our spine ambulance.
MR Hardware and Sequence Protocol
The lumbar spine of all participants was examined in supine position using a Biochemical imaging was performed using a prototype gagCEST and water saturation shift referencing (WASSR) sequences. CEST and WASSR sequences were composed of a presaturation module and a segmented 2D RF-spoiled gradient echo module. Detailed sequence parameters were given in Table 1. CEST and WASSR images were motion-corrected using a diffeomorphic image registration approach incorporated in the prototype software fMRLung (Siemens Healthcare, Erlangen, Germany) [21] . The following data analysis was performed using in-house developed MATLAB software (The Mathworks, Inc., Natick, MA, R2012b). A reduction of image noise was performed using an in-plane 3 × 3 Gaussian filter. B0 field inhomogeneities were corrected using the International Journal of Clinical Medicine WASSR maximum symmetry algorithm [22] . The offset-corrected CESTcurves divided by the signal without CEST presaturation S0 are defined as z-spectrum Z(Ω). The magnetization transfer asymmetry was defined as MTRasym(DΩ) = Z(DΩ) Z(DΩ), where DΩ is the specified frequency shift difference. Evaluation of the gagCEST effect was determined using the MTRasym value in the frequency range from 0.9 to 1.9 ppm, which comprises the chemical exchange resonances of GAG hydroxyl protons [15] .
Data Analysis
All lumbar IVDs (L1-S1; a total of 140 IVDs) could be imaged successfully without any dropouts. One radiologist with 6 years of experience in musculoskeletal radiology scored all lumbar intervertebral discs according to the Pfirrmann scoring system [7] . The scoring system is based on a five-step grading scale with grade 1 and 2 for non-degenerative discs and grade 3 -5 for degenerative IVDs according to the nucleus signal intensity, the nucleus structure, the distinction between the nucleus pulposus (AP) and the annulus fibrosus (AF), and the disc height in midsagittal T2w images. According to the CTF classification, the same radiologist scored the IVDs into normal appearing discs and IVDs with protrusion or extrusion [9] . For both analyses, the radiologist was blinded to gagCEST values. 
Statistical Analysis
Results
All completed measurements were technically successful. A total of 140 IVDs (L1-S1) of 15 patients with radiculopathy and 13 healthy volunteers were ana- Table 2 .
In non-degenerated (Pfirrmann grade 1-2) discs, significantly higher gagCEST values were found in the NP than in the AF (P = 0.006). In degenerated discs (Pfirrmann grade 3-5), no significant difference between the NP and AF could be detected (P = 0.71). We could demonstrate significantly lower gagCEST values in degenerated IVDs than in non-degenerated discs in the NP (2.18% ± 3.57% vs. 3.99% ± 2.1%, P = 0.001). For the AF, we found no significant difference between degenerated and non-degenerated IVDs. Lumbar discs without protrusion or extrusion showed significantly different gagCEST effects between the NP and AF (P < 0.0001). IVDs with protrusion or extrusion revealed no significant difference between the NP and AF (P = 0.0923; P = 0.535, respectively).
Patients with radiculopathy presented significantly lower gagCEST values in the NP compared withhealthy controls (2.82% ± 3.12% vs. 4.09% ± 2.25%, P = 0.017) ( Figure 1, Figure 2 ). In the AF, no significant difference between patients and controls were found (P = 0.175). International Journal of Clinical Medicine 
Discussion
Biochemical alterations of lumbar IVDs are present before morphological changes of the intervertebral disc appear [16] [19] [20] . GAG is one of the major components of the extracellular matrix of IVDs [5] . Our results illustrated significantly lower gagCEST values in patients suffering from radiculopathy compared with healthy controls in the NP. For the AF, no significant difference was revealed. In the literature, disc degeneration is considered as one cause of low back pain (LBP) [23] . Additionally, a strong association between disc degeneration and pain has been shown [24] [25] . In accordance with our work, the first degenerative changes could be found in the NP [5] International Journal of Clinical Medicine Figure 2 . Color-coded gagCEST map with low GAG content in red and high GAG content in blue of the lumbar spine (L1-S1). In this example, a patient suffering from radiculopathy of the segment L5/S1 (image (b)) displayed a significantly lower gagCEST effect compared with a healthy control (image (a)). The low gagCEST effect of segment L1/L2 of the control participant was explainable by motion artifacts of the diaphragm.
[20]. In the AF, degenerative changes are much more difficult to demonstrate due to physiologically lower GAG values in the AF compared with the NP [20] . We found lower GAG values in degenerated IVDs (Pfirrmann grade 3 -5) compared with healthy discs (Pfirrmann grade 1 and 2) in our data sets. In addition, degenerated discs showed a loss of GAGs in the NP and an adjustment of the AF GAG content in contrast to non-degenerated IVDs, which revealed a significantly higher GAG content of the NP compared with the AF. These findings agree with recent literature demonstrating that our gagCEST sequence works in the context of degenerative IVD changes [5] [17] [20] . According to previous studies, the difference in GAG content between the NP and AF vanished in lumbar IVDs with protrusion or extrusion compared with discs with a normal appearance [16] . Our study has limitations. The main limitation of this study was the small sample size. For morphological (Pfirrmann classification) and biochemical MRI (gagCEST), we did not test intra-and interobserver agreement. The Pfirrmann classification has already demonstrated a good intra-and inter-reader reliability in prior studies [16] . For biochemical MRI, we used an automatic detection of GAG content of the NP and AF. For this reason, we believe that the missing reliability calculation is a minor limitation of both analyses. No gender, age, or BMI differentiation was considered in this study. Müller-Lutz and colleagues showed significantly lower GAG values in IVDs with increasing age and higher International Journal of Clinical Medicine BMI [17] . These findings occur before morphological changes of IVDs could be revealed. This is a major limitation of our study considering the age difference between patients and control group and has to be taken into account in follow up studies. Moreover, for ethical reasons, we could not perform a histological correlation. We believe that the strength of this study is its focus on patients with radiculopathy. The results of our study show promise for evaluation of the effect in a larger population, applied to a patients' pain score or considering the difference between gender and age.
Summary
In summary, gagCEST of lumbar IVDs on a clinical 3T MRI system is a powerful, non-invasive tool without use of contrast medium to investigate early disc degeneration, predominantly concerning the NP. Biochemical imaging with gagCEST could provide an early biomarker for GAG loss in IVDs that may be on the way to develop degenerative changes like protrusion or extrusion, bony endplate alterations, formation of osteophytes, and consecutive spinal stenosis.
Biochemical imaging of IVDs of patients with radiculopathy revealed that significantly lower GAG values compared with healthy controls, especially in the NP, may indicate an association between pain and IVD degeneration.
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